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Abstract
Background. Coronary artery calcification (CAC) is prevalent among haemodialysis patients and predicts cardiovascular mortality. In addition to modifying traditional cardiovascular risk factors, therapy aimed at lowering serum phosphate and calcium-phosphate product has been advocated. Sodium thiosulfate, through its chelating property, removes calcium from precipitated minerals decreasing calcification burden in calcific uraemic arteriolopathy and soft tissue calcification. The effect of sodium thiosulfate on CAC in haemodialysis patients has never been studied.
Methods. Eighty-seven stable chronic haemodialysis patients underwent multi-row spiral computed tomography and bone mineral density (BMD) measurement. Patients with a CAC score ≥300 were included to receive intravenous sodium thiosulfate infusion twice weekly post-haemodialysis for 4 months. CAC and BMD were reevaluated at the end of the treatment course. Results. Progression of CAC occurred in 25% and 63% of the patients in the treatment and control group, respectively (P = 0.03). CAC score was unchanged in the treatment group but increased significantly in the control group. BMD of the total hip declined significantly in the treat-ment group. In multivariate analysis adjusted for factors Introduction Cardiovascular disease is the leading cause of death in patients with chronic kidney disease (CKD) [1] . In the general population, the presence of coronary artery calcification (CAC) determined by computed tomography (CT) strongly predicts coronary artery disease (CAD) events [2] . In patients on haemodialysis (HD), the prevalence of CAC ranges from 53% to 92%, and its presence is associated with all-cause and cardiovascular mortality [3] [4] [5] [6] [7] . Other than standard cardiovascular risk factors, dialysis vintage, serum phosphate, calcium-phosphate product and amount of elemental calcium intake are among CKD risk factors associated with CAC [8] . In order to decrease the calcification burden, therapy aimed at lowering serum phosphate and calcium-phosphate product such as noncalcium-containing phosphate binders and vitamin D analogues have been advocated.
Sodium thiosulfate (STS) is a chelating and reducing agent. The ability of STS to chelate cations results in its widespread use in cyanide poisoning [9] . STS given intravenously post-HD for several months improved wide-spread skin necrosis associated with calcific uraemic arteriolopathy and periarticular and soft tissue calcification [10] [11] [12] [13] . Through its chelating and antioxidant properties, STS removes calcium from precipitated minerals into more soluble calcium thiosulfate and improved endothelial function [14, 15] . Recently, STS has been shown to prevent vascular calcification in uraemic rats [16] . To our knowledge, there is no published study on the treatment effect of STS on CAC.
Materials and methods

Patients
Eighty-seven adult HD patients of Ramathibodi Hospital, Mahidol University, (Bangkok, Thailand), who received regular dialysis at the Ramathibodi Hospital dialysis unit, and eight other satellite dialysis units in Bangkok and agreed to participate in the study underwent CAC screening by multi-row spiral CT and bone mineral density (BMD) measurement. Inclusion criteria included age ≥18 years and dialysis vintage of at least 6 months. Exclusion criteria were missing a dialysis session more than twice per month, acute illness and acute inflammation such as infection and malignancy. Of the 87 patients screened, 49 who had a CAC score ≥300 based on Agatston method and were considered eligible for the interventional study [17] . Twenty patients from four dialysis units where the treatment would be administered and monitored were assigned to the treatment group. Control patients were randomly selected based on the first CAC score that fell within 20% of that of patients in the treatment group (CAC-matched control). We were unable to find the control patient that had a CAC score within 20% of the highest CAC score in the treatment group (3399), therefore, the patient with the highest available CAC score of 2178 was recruited. Most of the patients in the control group were dialysed at different dialysis units from the treatment group but belonged to the same group of nephrologists from Ramathibodi Hospital. All patients regularly received blood tests, X-rays and other medical care at Ramathibodi Hospital. Dialysis units where the treatment would be administered were selected based on convenient location and the ease of travel to and from the units. This study was approved by the ethical committee for research involving human subjects of Ramathibodi Hospital, Mahidol University and the institutional review boards of all health centres where satellite dialysis units were located and conducted according to the Declaration of Helsinki. Informed consent was obtained from all patients.
Initially, 20 patients were included to receive STS infusion; however, four patients were excluded due to the following reasons: Two patients requested to discontinue the study during the first 2 weeks due to persistent anorexia despite half the original dose of STS. One patient did not receive the correct dosage of STS, and the other patient had follow-up CAC examination at a different hospital because the CT machine at Ramathibodi Hospital was temporarily unavailable. Thus, 16 patients in the treatment group and their matched controls were analysed. The patients were followed prospectively, and follow-up CAC and BMD examinations were repeated at the same interval. One patient in the control group did not complete the BMD study, therefore, BMD results of the control group were from 15 patients.
All patients received conventional bicarbonate HD twice or three times per week (4 hours per session) using modified cellulose or polysulfone dialysers. Dialysate calcium concentration ranged from 2.0 to 3.5 mEq/ L. The choice of dialysis frequency, dialyser membrane and dialysate calcium was determined previously by the nephrologists. Most of the patients received oral alfacalcidol except for four patients that received oral calcitriol as active vitamin D. Alfacalcidol is less potent in lowering parathyroid hormone (PTH) than calcitriol, and a dose of at least 1.5 times that of calcitriol was suggested [18] [19] [20] . The doses of active vitamin D reported in the tables were calculated based on the dose of alfacalcidol; a factor of 1.5 was multiplied to the original dose of calcitriol. The patients received only calcium-containing binders since non-calcium-containing phosphate binders were not available in Thailand.
Treatment protocol
Twenty-five percent STS (Merck, Darmstadt, Germany), 12.5 g, was given intravenously over 15-20 minutes after HD treatment was completed twice a week for a period of at least 4 months. The STS dose was chosen based on the previously reported studies on the treatment of calcific uraemic arteriolopathy which ranged from 5 to 25 g after each HD treatment [10] [11] [12] . Two months into the treatment period, one patient with severe CAD and aortic regurgitation developed frequent hypotension during HD, and the dose of STS was decreased by half to avoid precipitating hypotension. Another two patients complained of anorexia and poor appetite that persisted for 24-48 hours after STS administration, and the dose was decreased by half towards the last 2 months of the treatment. STS was discontinued after follow-up CAC and BMD examinations were completed.
Biochemical data
The presence of CAD was defined by a history of myocardial infarction, unstable angina and positive coronary angiography or myocardial perfusion scan. Laboratory data reported at baseline were prior 6-month average values up to the date of first CAC examination. Serum calcium was corrected based on the following equation-corrected calcium = serum calcium + [(40 − serum albumin) / 10 × 0.8]. Routine pre-dialysis blood chemistries were collected prior to the 4-month course of STS therapy and during the treatment course. Post-dialysis blood chemistries were obtained a few minutes post-HD (prior to STS infusion) and immediately after STS infusion was completed. Blood chemistries were analysed by Technicon Auto Analyser (Dimension RXL, DE). Serum intact PTH was measured by immunoradiometric assay (ELISA-PTH, CIS bio international, France).
Imaging procedure
Multi-slice CT was performed with the 64-slice technique of 3-mm thickness and programmed calcium scoring (Somaton Sensation Cardiac-64, Siemens, Germany). The CAC score was determined based on Agatston and volume score method as described previously [17, 21] . Agatston score was determined by multiplication of the pixel area and the density score whereas the volume score was calculated by multiplying the pixel area by the section thickness. Initial and follow-up CAC scores were reviewed by single observer who was blinded to the treatment protocol. BMD was determined by dual energy X-ray absorptiometry (Hologic, Bedford, MA, USA).
Statistical analysis
Data is presented as mean ± SD unless specified otherwise. The differences between the mean of two groups were analysed by Student's t-test. In nonnormal distribution data, Mann-Whitney U-test and Wilcoxon signed-rank test were applied. Categorical variables were compared using chi-square test. Linear regression analysis was applied to demonstrate the relationship between two continuous variables. Univariate and multivariate logistic regression analyses were used to assess important factors associated with CAC progression. P < 0.05 is considered to be statistically significant.
Results
Analysis of CAC progression an BMD changes
Baseline characteristics of the patients are shown in Table  1 . There was no significant difference in the baseline characteristics except the treatment group had lower serum albumin and PTH. The mean interscan periods from initial to follow-up CAC examination were 36.8 ± 5.5 and 35.9 ± 6.1 weeks in the treatment and control group, respectively (P = 0.68). The average interval from the first CAC exam-ination to the start of STS treatment was 15.7 ± 4.9 weeks. STS was administered for an average of 21.1 ± 2.6 weeks. To analyse CAC progression, CAC scores were calculated using the volumetric method, which is more reproducible than the traditional area-based Agatston method [21] . The progression was defined as the difference between the follow-up and baseline square roottransformed CAC volume score of ≥2.5 mm 3 per year as described previously since this has <1% likelihood of being a result of interscan variability [22, 23] . In the treatment group, progression occurred in 4 (25%) patients compared to 10 (63%) patients in the control group (P = 0.03). The changes of CAC volume score are shown in Figure 1 . CAC score did not change significantly in the treatment group but increased substantially in the control group. The average rate of rise of CAC score was 13% per year in the treatment and 37% per year in the control group. Two of the four patients that had CAC progression in the treatment group received a half dose of STS infusion during the last 2 months (see Treatment protocol section). Initial and follow-up CAC scores analysed by traditional areabased Agatston method were 904 (range 307-3399) and 1020 mm 3 (range 296-4512) (P = 0.28) for the treatment group and 1014 (range 317-2178) and 1275 mm 3 (range 429-3367) (P = 0.004) for the control group. BMD of the hip and lumbar spine are shown in Figure 2 . In the treatment group, a significant decline in the BMD of total hip was observed.
Factors associated with CAC progression and BMD changes
Baseline characteristics of the progressors and non-progressors are shown in Table 2 . CAD was more prevalent among progressors. Patients with CAC progression received higher elemental calcium intake. A significantly greater number of patients in the non-progressor group received STS therapy. Linear regression analysis demonstrated significant correlation between annualized changes of square root-transformed CAC volume score with log-transformed initial CAC score (r = 0.44, P = 0.01), baseline phosphate (r = 0.42, P = 0.02) and calcium-phosphate product (r = 0.41, P = 0.02). Univariate analysis for factors predicting CAC progression revealed CAD (odds ratio (OR) = 9, P = 0.009), log-transformed initial CAC score (OR = 34.9, P = 0.02) and STS therapy (OR = 0.2, P = 0.04) to be significant predictors. No associations were identified with other baseline data including sex, age, diabetes mellitus, dialysis vintage, dialysis frequency, dialysate calcium, cholesterol, albumin, PTH and elemental calcium and active vitamin D intake. Multivariate analysis adjusted for the relevant factors revealed STS therapy to be the only significant protective factor for CAC progression ( Table 3) . As for BMD, there was no correlation with any of the baseline factors as well as STS therapy.
Laboratory data and safety associated with STS therapy
The results of electrolytes prior to and immediately after STS infusion are shown in Table 4 . STS administration re- sulted in an increase in serum sodium and chloride, a decline in serum bicarbonate and calcium and an elevated anion gap. Pre-dialysis blood chemistries obtained be-fore the start of 4-month STS treatment course and during the treatment course are shown in Table 5 . Persistent elevation of serum sodium as well as anion gap into the 
Discussion
The present study demonstrated for the first time the possibility of delayed CAC progression by intravenous STS in HD patients. Only 25% of the patients that received STS for at least 4 months showed CAC progression, whereas over 60% that did not receive STS exhibited significant progression. CAC score did not change significantly in the treatment group but increased substantially in the control group. When adjusted for relevant risk factors, the administration of STS retained the significance as protective factor for CAC progression. BMD of the hip declined in the group of patients that received STS therapy.
The effect of STS in delaying the progression of CAC
The finding of delayed CAC progression by STS therapy is in agreement with the recently published animal study that reported a protective effect of intraperitoneal STS on vascular calcification in uraemic rats [16] . STS is a chelating and reducing agent. The ability of STS to chelate cations results in its widespread use in cyanide poisoning. STS is normally cleared by the kidney with the half-life of 15 minutes [9] . Half-life was drastically prolonged in drastically in HD patients and was reported to be up to 478 minutes [10] . STS has been used successfully in conditions with increased calcification burden such as nephrolithiasis, calcific uraemic arteriolopathy and soft tissue calcification both in normal and reduced kidney function [10, 13, 14, 24, 25] . When STS was given to uraemic rats, enhanced urinary calcium excretion was observed [16] . Therefore, in HD patients, it is likely that precipitated calcium in the coronary arteries was prevented or removed attenuating the calcification burden. Whether this was due to STS removal of calcium from precipitated minerals or the accompanying metabolic acidosis will require further study considering the protective effect of metabolic acidosis on vascular and soft tissue calcification has also been documented [26] .
Baseline factors and CAC progression
Higher PTH and albumin were observed at baseline in the control group. Studies that demonstrated the association of high PTH with CAC progression are lacking. On the contrary, several groups reported the association of vascular calcification progression with hypoparathyroidism and low bone turnover [27] [28] [29] [30] [31] . Others failed to demonstrate the relationship between progression and PTH [23, 32] . In the present study, we could not demonstrate the relationship between baseline PTH with either annualized changes of CAC volume score or CAC progression, and there was no significant difference in PTH among progressors and non-progressors. CAC is associated with inflammation. Several studies illustrated the relationship of low serum albumin with CAC progression [27, 28, 32, 33] . Thus, it is unlikely that the disparity in baseline PTH and albumin contributed towards the more rapid progression of CAC in the control group. The rate of rise of CAC score in the control group of 37% per year was comparable to that reported by others [5, 23, [33] [34] [35] . The presence of CAD, greater initial CAC score, elevated phosphate and calcium-phosphate product and higher elemental calcium intake shown to be associated with CAC progression in the present study are also in agreement with others [4, 8, 23] . Multivariate logistic regression analysis adjusted for the relevant factors associated with CAC progression demonstrated independent protective effect of STS infusion.
BMD changes after STS therapy
BMD declined in both groups at the end of study but more significantly at the total hip in the treatment group. Bone contains most of the precipitated calcium in the body, therefore, it is possible that STS infusion results in bone demineralization. This is in accordance with the previous animal study that detected a decrease in bone strength in animals that received STS [16] . The mechanism underlying this process remains obscured. The occurrence of wide anion gap metabolic acidosis might as well contribute to the loss of BMD. Metabolic acidosis has been known to cause dissolution of bone mineral and enhance bone resorption [36, 37] . Osteomalacia is also well documented in patients with distal renal tubular acidosis [38] . A detailed examination by bone histomorphometry and other imaging techniques designed to evaluate mineralization will be required.
Side effects associated with STS infusion
The increased sodium load and widened anion gap metabolic acidosis during STS therapy has been reported previ-ously [10, 11] . The accumulation of thiosulfuric acid was thought to be responsible for the anion gap [10] . The immediate decline in serum calcium was likely the result of chelating property of STS. The reduction in serum calcium appeared to be transient and did not persist into the next dialysis session which could explain the absence of changes in PTH in the long term. Side effects related to anorexia, nausea and vomiting have also been observed by others [10] [11] [12] 39] . However, in the present study, persistent anorexia resulted in 10% discontinuation and another 10% necessitated dosage reduction. The dose of STS in the present study is relatively low at 12.5 g twice weekly when compared to other reports that administered as high as 25 g three times per week [11, 12] . The optimum dose of STS in this regard is yet to be determined, and further studies will be necessary. Other reported reactions such as hypotension and dizziness were transient and disappeared with subsequent dose.
Limitation of the study
The present study is non-randomized and limited by small number of patients. Most of the patients in the control group were dialysed at different dialysis units from the treatment group. Nevertheless, they were from the same population cohort of one hospital centre and belonged to the same group of nephrologists. Baseline characteristics of patients from both groups were comparable. Multivariate analysis was performed to adjust for these potential confounders. The reduction of CAC score after STS therapy could not be demonstrated possibly owing to the average lag time of 3 months before STS was initiated after initial CAC examination. Beneficial effect may be more evident in the patients with lower CAC score. More frequent administration of longer than 4-month duration may be required especially in patients with high initial CAC score.
In conclusion, STS has the potential to delay the progression of CAC in HD patients. Further study is required to determine the safe therapeutic window in order to avoid bone demineralization. 
